Central (aortic) blood pressure (BP) waveform indices independently predict cardiovascular events and mortality. 1 Models of arterial wave propagation have been employed to better understand the contribution of waveform morphology to cardiovascular disease risk, with one approach being the aortic reservoir paradigm. [2] [3] [4] This model interprets the measured aortic pressure as the sum of a reservoir pressure (related to compliance and representative of the cyclic changes in aortic volume) and an excess pressure (P excess ) component (a potential marker of vascular dysfunction 5 and analogous to a flow wave). Independent of brachial BP, we have shown P excess to be associated with gray matter atrophy in healthy individuals 6 and with exercise-induced albuminuria in patients with type 2 diabetes. 7 Both of these were cross-sectional analyses. Others have shown that P excess predicts cardiovascular events and mortality, 5 independent of traditional cardiovascular risk factors. This opens the possibility that elevated P excess could have detrimental effects on target organs (such as the kidneys); however, to our knowledge, this has never been examined longitudinally. Moreover, BP measured in response to moderate intensity exercise is more closely linked to cardiovascular risk than resting or maximal exercise BP 8 . Thus, light-moderate intensity exercise hemodynamics may better represent chronic BP loading than resting BP 9 . In this study, we aimed to determine the association between the change in aortic reservoir characteristics at rest and in response to exercise and the change in kidney function among healthy individuals followed over time.
Brief CommuniCation
Central (aortic) blood pressure (BP) waveform indices independently predict cardiovascular events and mortality. 1 Models of arterial wave propagation have been employed to better understand the contribution of waveform morphology to cardiovascular disease risk, with one approach being the aortic reservoir paradigm. [2] [3] [4] This model interprets the measured aortic pressure as the sum of a reservoir pressure (related to compliance and representative of the cyclic changes in aortic volume) and an excess pressure (P excess ) component (a potential marker of vascular dysfunction 5 and analogous to a flow wave). Independent of brachial BP, we have shown P excess to be associated with gray matter atrophy in healthy individuals 6 and with exercise-induced albuminuria in patients with type 2 diabetes. 7 Both of these were cross-sectional analyses. Others have shown that P excess predicts cardiovascular events and mortality, 5 independent of traditional cardiovascular risk factors. This opens the possibility that elevated P excess could have detrimental effects on target organs (such as the kidneys); however, to our knowledge, this has never been examined longitudinally. Moreover, BP measured in response to moderate intensity exercise is more closely linked to cardiovascular risk than resting or maximal exercise BP 8 . Thus, light-moderate intensity exercise hemodynamics may better represent chronic BP loading than resting BP 9 . In this study, we aimed to determine the association between the change in aortic reservoir characteristics at rest and in response to exercise and the change in kidney function among healthy individuals followed over time.
METHODS

Study participants and protocol
This was a longitudinal observational study among 40 healthy participants who were recruited via advertisements from the local community and underwent baseline examination between January 2011 and 2012. The participants were invited for a repeat examination in 2014 (mean follow up 3.0 ± 0.3 years). Baseline exclusion criteria included; pregnancy, arrhythmia, a clinical history of cardiovascular disease or severe pulmonary disease. 
Longitudinal Changes in Excess Pressure
BACKGROUND
Aortic reservoir function independently predicts end-organ damage in cross-sectional analyses. However, longitudinal associations are more important regarding causation, but this has never been examined at rest or in response to light-moderate intensity exercise. The aim of this study was to determine the association between the change in aortic reservoir characteristics, in particular excess pressure integral (P excess ) at rest and in response to exercise and the change in kidney function among healthy individuals followed over time.
METHODS
Aortic reservoir function (P excess and reservoir pressure), aortic stiffness, brachial and central blood pressure (BP), and renal function (estimated glomerular filtration rate [eGFR]) were recorded among 33 healthy individuals (57 ± 9 years; 55% male) at baseline and after an average 3.0 ± 0.3 years.
RESULTS
Over the follow up period, there was a significant increase in resting brachial BP, central BP, P excess , and aortic stiffness (P < 0.05 all). The change over time in resting P excess (but not aortic stiffness) was significantly related to the change in eGFR (r = −0.38, P = 0.038) and remained independent of age at follow up, change in 24-hour ambulatory systolic BP and body mass index (β = −0.0300, P = 0.043). There was no association between the change in aortic pulse wave velocity and the change eGFR (P = 0.46) nor were there any associations with exercising hemodynamics. CONCLUSIONS P excess is independently associated with a decline in renal function among healthy people followed over 3 years. These novel findings indicate the need to determine the underlying physiological determinants of aortic reservoir function. The study protocol at baseline has previously been described elsewhere. 7 Briefly, participants attended 2 visits. At visit 1 anthropometric and hemodynamic measures were taken sequentially at rest and during exercise. Exercise was performed via 2-legged semirecumbent cycling at 30 watts and 50 revolutions per minute. At visit 2 an overnight-fasted blood sample was taken and participants were fitted with a 24-hour ambulatory BP monitoring (24-ABPM) device (TM-2430, A&D Medical, Sydney, Australia). Hypertension status was determined by 24-ABPM daytime BP ≥135/85 mm Hg and/or currently taking antihypertensive medication.
Renal function
Serum creatinine (from a fasting blood sample) was measured by IDMS-aligned technique to allow for the estimation of the glomerular filtration rate (eGFR) by Modification of Diet in Renal Disease (MDRD) 175 equation.
Central hemodynamics
Aortic reservoir characteristics. Using custom MatLab software, the ensemble averaged radial pressure waveforms were separated into reservoir pressure and excess pressure integral (P excess ). Reservoir pressure was calculated as previously described 5 and P excess was determined by subtracting the reservoir pressure from the aortic pressure waveform. 10 Aortic stiffness. Following 10 minutes of rest (semirecumbent supine with torso at 45°, head and arm supported) aortic pulse wave velocity (aPWV) was measured in duplicate in the right carotid-to-femoral arterial segments 11 using hand-held applanation tonometry (SphygmoCor 8.1, AtCor Medical, Sydney, Australia).
Central BP. Central BP was measured in duplicate following aortic stiffness measures from the radial waveform using a generalized transfer function. 12 Augmentation pressure and augmentation index were calculated as previously described. 13 
Brachial blood pressure
Brachial BP was measured prior to central BP (and after the participant had been resting for at least 10 minutes) using an automatic device (Omron HEM-907 Hoofddorp, The Netherlands). 14 Exercise brachial BP was measured via auscultation using a mercury free sphygmomanometer (UM-101, A&D Medical, Tokyo, Japan).
Statistical analysis
Hemodynamic data were averaged for the analysis. Continuous variables were analyzed using repeated measures analysis of variance and categorical variables were analyzed by an exact McNemar's test. To assess relationships between variables, Pearson's correlations and multivariable linear regression analyses were performed. Independent variables known (including age, sex, and body mass index) or suspected (24-ABPM daytime systolic BP [SBP] and heart rate) to contribute to the variance in eGFR were added separately into the regression models. Power calculations were based on our previous exercise reproducibility work. 15 
RESULTS
Clinical characteristics
Of the 40 participants who were enrolled at baseline seven were lost to follow up, leaving 33 participants (54% male) with complete data for analysis. Waist circumference increased significantly across follow up (86 ± 14 to 88 ± 14, P = 0.031) as did glucose (4.7 ± 0.4 to 5.1 ± 0.5 mmol/l, P < 0.001) and insulin levels (2.5 ± 4.7 to 9.2 ± 8.9 IU/ml, P < 0.001). There was no change in the number of participants taking antihypertensive (n = 2) or statin (n = 1) medication. eGFR declined from baseline to follow up, although not significantly (107.1 ± 22.6 to 104.4 ± 17.9 ml/min/1.73 m 2 , P = 0.60).
Hemodynamic variables
Brachial and central SBP and pulse pressure, augmentation pressure, augmentation index, P excess , and aPWV at rest all significantly increased over follow up. There was a significant increase in peak reservoir pressure (P = 0.043) but no change in reservoir pressure integral (P = 0.73). The change in P excess was significantly related to the change in central SBP (r = 0.52, P = 0.003). During light-moderate intensity exercise there was a significant increase in augmentation pressure and aortic stiffness but a significant decline in P excess .
Associations between changes in central hemodynamics and renal function
There was a significant association between the change in resting P excess and the change in eGFR (r = −0.38, P = 0.038; Figure 1 ) which remained independent of age at follow up, change in body mass index and 24-ABPM daytime SBP (β = −0.0300, 95% CI: −0.06 to −0.001, P = 0.043). When change in 24-ABPM daytime SBP was replaced by hypertension status the association between P excess and eGFR remained (β = −0.03, 95% CI: −0.06 to −0.006, P = 0.019). However, the association was borderline significant when change in aPWV was added to the model (β = −0.027, 95% CI: −0.06 to 0.003, P = 0.079) and nonsignificant when change in aPWV was replaced by change in central SBP (β = −0.019, 95% CI: −0.06 to 0.02, P = 0.28). The change in central SBP was significantly and independently associated with the change in eGFR after adjusting for age at follow up, change in body mass index and 24-ABPM daytime SBP (β = −0.47, 95% CI: −0.88 to 0.07, P = 0.024), but not hypertension status (P = 0.072). There was no association between the change in aPWV and the change eGFR (r = 0.14, P = 0.46) nor were there any significant associations between exercise hemodynamic measures and renal function.
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DISCUSSION
We have shown that resting P excess increased significantly over a 3 year follow up period in healthy participants and was significantly and inversely related to a change in eGFR. Importantly, this association was independent of the current clinical standard for cuff BP, 24-ABPM and also hypertensive status. Although aPWV increased during the follow up period, aPWV was not associated with declining renal function. Together, these pilot findings lend support for P excess possibly having greater sensitivity for identifying the presence of vascular dysfunction or disease, above and beyond traditional risk markers.
The clinical significance of aortic reservoir characteristics has been demonstrated by association with cardiovascular events and mortality 5, 16 (with incremental value to the Framingham risk score 17 ) and in our previous crosssectional studies. 6, 7 However, causality cannot be inferred from these studies. In the current study for the first time, we have demonstrated that P excess is related to kidney dysfunction longitudinally. However, the association between P excess and eGFR was not independent of central SBP likely due to P excess and central SBP being closely related. Although aPWV was not related to eGFR, aortic stiffness may contribute to elevated P excess which in turn is related to kidney dysfunction. As P excess corresponds closely with flow output into the aorta, 4 and in line with the "flow hypothesis", 18 elevated P excess may result in a pulsatile flow wave that extends deeper into peripheral vessels such as the renal microvasculature causing excessive cyclic shear stress, ischemia, and eventual renal dysfunction. 18 That said, it should be noted that the association between P excess and flow has only been demonstrated in the aorta 4 and peripherally may be influenced by more prominent wave reflections. Hashimoto et al. 19 showed that an increase in aortic stiffness may concurrently cause an increase in aortic flow reversal from the descending thoracic aorta and disruption to the inflow from the suprarenal aorta to the renal arteries which eventually leads to a reduction in eGFR. Exaggerated aortic flow reversal is associated with a carotid forward flow wave that may be delivered to the cerebrovasculature with higher energy, potentially causing structural damage, 6 retrograde plaque embolism, and cryptogenic cerebral infarction. 20 These findings imply that abnormalities in aortic reservoir function may impact renal flow hemodynamics and end-organ function. That said, this study was performed on a relatively small sample size and larger trials are required.
Finally, although we hypothesized that the change in exercise P excess would be more strongly associated with kidney dysfunction, exercise hemodynamics were not related to declining eGFR in the current study. This hypothesis was based on the premise that hemodynamics measured in response to light-moderate intensity exercise is more akin to the pressure load the kidneys are chronically exposed to, compared to resting measures, and has previously been observed cross sectionally. 7 The lack of association in the current analysis suggests that exercise aortic reservoir characteristics do not provide additional information beyond that attained under resting conditions. This is the first longitudinal pilot study of aortic reservoir characteristics and has demonstrated that resting P excess is independently associated with a decline in renal function among healthy individuals. Given the clinically significant associations observed, more work is required to determine the exact underlying physiological determinants of P excess and aortic reservoir characteristics and their relation with renal function.
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